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Abstract

We developed a facet-reflection immune 53GBaud electro-absorption modulated laser (EML) for 800G
artificial intelligence (Al) optical network. An ultra-low anti-reflection (AR) coating reflectivity of
2x10°® has been demonstrated for straight waveguide. Based on Hakki-Paoli method, we characterized
the ultra-low AR using the ripple test technique. Such ultra-low AR is critical in achieving excellent eye
pattern and optical transmission for 800G Al supercomputing.
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1. Introduction

Today, Al plays an important role in manufacturing, electric vehicles, robotics, education, healthcare,
and many other areas. Recently, the Al applications have been accelerated by companies such as
Nvidia and OpenAl. The launch of ChatGPT in November 2022 has planted seeds for business growth
of Al (Lock, 2022). In mid-May 2023, Nvidia released the DGX H200 supercomputer for Al, leading
to reshaping of industry demand with 800G optical transceiver orders pouring in (Fibermall, 2023).
Since then, other tech giants like Google, Meta, Microsoft and Amazon are also considering integrating
Al into their operations, thereby driving the implementation of the Al industry chain both upstream and
downstream (Kozlov, 2023).

800G Al has achieved remarkable progress in information processing, data analysis, and
decision-making (Jason, 2023). With a processing capability of 800 gigabits per second (Ghps), the

800G Al is poised to expand the frontiers of computational intelligence. As data volumes explode and
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demand for real-time insights intensifies, 800G Al has emerged as a central source in enabling seamless,
high-speed data computation and machine learning applications across industries such as finance,
healthcare, and manufacturing.

53GBaud EML provides the core computing power of 800G Al optical transceiver (Wang, 2023; Huang
et al., 2017; Takemi, 2022). By using 4-level pulse-amplitude modulation (PAM4), the data rate can be
doubled from the traditional 2-state non-return-to-zero (NRZ) modulation to the modern 4-state PAM4. In
the PAM4 data transmission algorithm, 53GBaud EML is capable of supporting 100G per single lambda.
In addition, 400G and 800G optical transmissions can be realized when 4 and 8 PAM4 channels of
53GBaud EMLs are deployed in optical transceivers, respectively (Huang et al., 2016; Okuda et al., 2021;
Honda et al., 2023). The 53GBaud EML's ability to encode, modulate, and transmit data across vast
distances with minimal signal degradation positions it as a game-changer in the world of
telecommunications and datacenter networking.

EML is the key source laser in the 800G Al transceiver due to its performance advantages of high speed,
high extinction ratio and high power over directly modulated laser (DML), silicon photonics (SiPh) and
vertical cavity surface emitting laser (VCSEL) (Huang et al., 2016; Okuda et al., 2021; Honda et al., 2023;
Huang & Jan, 2016). To meet high-volume manufacturing, several key technical challenges including (1)
low reflection, (2) high bandwidth, (3) self-hermeticity, and (4) robust reliability need to be addressed.
In this paper, we focus on the facet reflection improvement that is crucial to the radio frequency (RF)
noise and fiber dispersion (Miyazaki et al., 2006; Miyazaki et al., 2002; Raring et al., 2007). One method
to mitigate the reflection issue is by employing a very low reflectivity optical coating (<0.01%) on the
front facet. In this paper, we report a facet-reflection immune 53GBaud EML device based on ultra-low
AR coating in the order of 10°. We characterize the ultra-low reflectivity coating by using the ripple test
technique deriving from Hakki-Paoli method (Hakki & Paoli, 1973; Kaminow, Eisenstein & Stulz,

1983). We show that the ultra-low laser reflection is very influential to the 800G Al optical transmission.

2. Experimental

Figure 1 shows the illustrative schematics of artificial intelligence applications and optical networks.
Al operations require massive amounts of computing capabilities. To fulfill such supercomputing, the
Al servers need graphics processing units (GPU) and optical transceivers. For example, each Nvidia’s
DGX H100 server integrates eight HI00 GPUs and eight 800G OSFP optical transceivers (Holly,
2023).
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Figure 1. lllustration of Al Applications where GPU and 800G Optical Transceivers are

Important Building Blocks for the Al Servers and Supercomputers

Figure 2 shows the cross-sectional schematic of a 53GBaud monolithic, integrated EML structure for
400G and 800G Al optical transceivers. The front section of the EML device is the electro-absorption
modulator (EAM) for RF modulation, and the rear section is the distributed feedback laser diode
(DFB-LD) for light source. The LD and EAM are monolithically joined by using butt-joint (BJ)
technology (Huang et al., 2016). The two sections are separated by an isolation region. For both LD
and EAM, the quaternary InGaAsP multi-quantum well (MQW) and separate confinement (SCH)
structures were grown by metal organic chemical vapor deposition (MOCVD). The SiO, dielectric
layer was deposited for passivation. In the EAM section, a low-k polyimide was also deposited to
reduce the capacitance. The dielectric layers were etched in the contact opening process to make ohmic

contact with Ti/Pt/Au p-metal (Huang et al., 2003).
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Figure 2. Schematic of Monolithic, Integrated 53GBaud EML Device. The Front is the EAM for
RF Modulation; the Back is the DFB for Light Source

To minimize facet reflection, the EML chip is coated with an ultra-low AR coating where reflectivity is
in the order of 10”° to 10™. The AR coating was deposited on the laser facet by ion beam sputtering (IBS)

to achieve ultra-low reflectivity and self-hermetic film quality. Due to the test resolution limitation of the
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conventional filmetrics (Filmetrics, 2013), we developed a new ripple test technique based on
Hakki-Paoli method to estimate the AR reflectivity.

The EML chip was mounted to a carrier before direct current (DC) and RF test characterization. The LD
section was biased with DC current from 0 to 150mA. Upon constant LD bias, the EAM section was
tested with a reverse voltage bias ranging from 0 to -3V. Based on the plot of fiber power versus EAM
voltage, extinction ratio (ER) can be extracted based on the ON and OFF states. The voltage swing
between the ON and OFF states was 1V.

3. Results and Discussion

A. EML device characteristics

Figure 3 shows the typical light versus current (LI) curve of a 53GBaud EML device where the
modulator was not biased. When the modulator was set at 0V, 53°C, there was essentially no light
absorption from the modulator section. So, the output power of the laser section was fully collected by
the LI measured from the front facet of the EAM. The threshold current (ly) taken from the LI was
about 14mA.
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Figure 3. Typical L1 Curve of the 53GBaud EML Device where the EAM Section is at OFF State
with no Bias at 53°C

Figure 4 shows the output power curve of a 53GBaud EML device as a function of EAM bias at 53°C.
As the EAM section was subjected to reverse bias, light absorption by the EA modulator started to
occur. The light absorption from the modulator increased with increasing reverse voltage. As the
magnitude of reverse voltage became larger, the power decreased due to larger light absorption. The
ER is proportional to the slope shown in the box during the voltage swing. For example, the voltage
swing at 1.0V where the Von and Ve are 0.5V and 1.5V, respectively. Using the same method, we

can extract ER value at different EAM voltages to compile a full ER curve.

68
Published by SCHOLINK INC.



www.scholink.org/ojs/index.php/asir Applied Science and Innovative Research \Wol. 7, No. 4, 2023

3.5

: e
NG ow

Power (mW)

o
o un =

&)

-2.5 -2 -1.5 -1 -0.5 0
EAM bias voltage(V)
Figure 4. Typical Fiber-coupled Power Curve of the 53GBaud EML Device where the EAM
Section is Subjected to the Reverse Voltage up to -3V at 53°C. The ER can be Extracted from the
EA Absorption Curve where the Voltage Swing between ON and OFF States are Indicated

With the establishment of the EA absorption curve, we can determine the ER based on 1.0V of voltage
swing. Figure 5 shows the typical ER curve of a 53Gaud EML device as a function of EAM bias. At
low reverse voltage, the slope of the power curve was low, and the resultant ER was lower. The ER
value was relatively high in the range of -0.8 to -1.5V and reached the maximum near -1.2V. At high
voltage, the slope and ER became low again. The ER curve based on DC chip testing could provide a
good prescreening for the final transceiver test. We estimated that such high ER at the chip level would

be sufficient for 400G and 800G optical transmission.

ER(dB)
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Figure 5. Typical ER Curve of the 53GBaud EML Device as a Function of EAM Bias, Measured

by DC Chip Testing at 53°C
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It was also noted that there was a tradeoff between the ER and power. At the reverse voltage of 0V, the
power was the highest while the ER was not at maximum. As the reverse voltage ramped up at around
-1.2V, the ER reached the maximum while the power decreased. The overall optimal operating point of
EML was typically determined by the balance between the ER and power.

Figure 6 shows the typical optical spectra of 53GBaud EMLs of coarse wavelength division
multiplexing (CWDM) at 53°C. Each EML channel exhibits good single-mode DFB performance with
the side-mode-suppression-ratio (SMSR) over 50dB. The side mode immediately next to the main DFB
peak was from the stopband that was dependent on the grating strength. The small ripples were from the
Fabry-Perot where the spacing depended on the cavity length. The peak-to-peak amplitude of the FP
ripple was related to the coating reflectivity that will be discussed in the next section. To meet
IEEE802.3 specifications, 800G 2xFR4 uses center wavelengths of 1271, 1291, 1311 and 1331nm for
CWDM channels (L0, L1, L2 and L3, respectively) (Welch, 2023; Wang, 2023). 800G DR8 uses eight

EMLs with a center wavelength of 1311nm.
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Figure 6. Typical Optical Spectra of 53GBaud CWDM EML Devices Showing Good Single-mode

DFB Performance at Each Wavelength

Figure 7 shows the frequency response plot of 53GBaud EML. The 3dB bandwidth reached about 40
GHz, well above the specification of 35 GHz. The ultra-low AR also helped achieve good S21 flatness.
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Figure 7. Frequency Response Curve of the 53GBaud EML Device Showing High 3dB Bandwidth
(~40 GHz) and Good S21 Flatness

Figure 8 shows the PAM4 eye pattern of 400G optical transceiver. The 53GBaud EML chips showed
excellent eye opening in the 400G transceiver where the transmitter dispersion eye closure quaternary
(TDECQ) reached as low as 1.1 dB. TDECQ is an important index to evaluate the optical emission
communication quality of PAM4 (King, 2016; Fibermall, 2023). It measures the extra noise ratio when
the transmitter and the ideal transmitter get the same bit error rate. A smaller the TDECQ value
indicates a better and more robust optical signal quality. The typical target of TDECQ is <3.4dB.

Our 53G EMLs also demonstrate excellent versatility and extendibility with modern 800G data
transmission systems. Table | shows the ER and TDECQ of the 53GBaud EMLs in 400G and 800G
optical transceivers. The TDECQ values in both applications are favorably less than 2 dB while
maintaining the ER above 5 dB. We show that our 53GBaud EML devices well exceed all the
performance specifications of 400G and 800G Al applications.

Figure 8. PAM-4 Eye Pattern of the 53GBaud EML Device in a 400G Optical Transceiver. The
Eye Diagram Showed Excellent Opening with TDECQ as Low as 1.1 dB
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Table 1. ER and TDECQ of the 53GBaud EMLs in 400G and 800G Optical Transceivers.

) ER TDECQ
Optical modules
(target>3.5 dB) (target< 3.4dB)
400G DR4 & FR4 5.3dB 1.4dB
800G DR8 & 2xFR4 5.0dB 1.9dB

B. Ultra-low AR characterization

The conventional method to measure coating reflectivity is by means of reflectance spectrum where the
peak and valley are based on in-phase and out-of-phase signals (Hind & Perier, 2011). The working
principle of the reflectance measurement is based on the light interaction between the reflections from
the top and bottom interfaces of the coating film. Although the conventional technique is simple to
implement, it imposes test resolution limitation that occurs around 107,

In order to characterize the coating reflectivity at ultra-low regime (<10™), we utilized the amplified
spontaneous emission (ASE) ripple test based on Hakki-Paoli method (Hakki & Paoli, 1973; Kaminow,
Eisenstein & Stulz, 1983). Consider a semiconductor laser with a cavity length of L bounded by
mirrors of front and back coating reflectivities R; and R,, the change in the propagating light power
after a round trip can be expressed in Equation (1) where P(0) is the initial light power, P(2L) is the
light power after round trip of 2L, g is the gain coefficient and s the loss coefficient in the unit of
cm™ (Fukuda, 1999).

P(2L)
——=RR, exp[2L(g — & 1
p) R p[2L(g - )] &)
By employing the Hakki-Paoli method, the ASE ripple can be related to the coating reflectivity as
follows.
I R,R
In(a) = gL(; )~ (gL ~In =) @)
th 1

where a is the ASE ripple, I is the bias current, and Iy, is the laser threshold current. The ASE ripple (a)
is a function of peak-to-peak amplitude taken from the ASE spectrum, as shown in Equation (3)
(Kaminow, Eisenstein, & Stulz, 1983; Lorch, 2003; Meritt et al., 1995).

2a _Ar-1
1+a® Jr+1

©)

Figure 9 shows the example of ASE ripple from the front coating mirror of an FP test structure
measured at a bias current below the threshold current (0.8xly,) at 25°C. The median value of the ripple

was 1.28dB, corresponding to the AR coating reflectivity (R,) of 2x10. The reflectivity of the highly
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reflective (HR) in the rear coating mirror (R,) was fixed at 95%. The gain and loss coefficients were

assumed to be 80 and 20 cm™, respectively.
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Figure 9. ASE Spectra of Ultra-low AR Coating Measured at Bias Current of 0.81y,. The Ripple is
1.3dB, Corresponding to the Reflectivity R; of 2x10”

4. Conclusion

We have developed a facet-reflection immune 53GBaud EML for 400G and 800G Al optical networks.
An ultra-low AR coating reflectivity of 2x10™ has been successfully fabricated to reduce the RF noise
and chirp. Based on Hakki-Paoli method, we characterized the ultra-low AR by using the ripple test
technique. The high-speed, low reflection 53GBaud EML can meet the stringent performance
requirements of 800G Al supercomputing. The 53GBaud EML lasers of CWDM (1271, 1291, 1311
and 1331nm) can support 400G DR4, 400G FR4, 800G DR8 and 800G 2xFR4.
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